This paper proposes a new method to analyze human walking by using a 3-wheels rollator walker instrumented with encoders and a 3D accelerometer/gyrometer. In order to develop walking quality index and monitor the health state of elderly people at home, the walking of 23 young adults and 25 elderly people (> 69 years) with the help of the walker, are compared. The results show that many general walking indicators such as walking speed, stride length do not present obvious difference between the two groups, but that new indicators obtained by using the walker measurements and not * Corresponding author available otherwise are very discriminating, e.g., the lateral motion of elderly people is larger, their walking accuracy is lower, but their effort distributed on the handles are more symmetrical. We also show that this walker may have other purposes such as updating collaborative maps with sideway slopes and location of lowered kerbs.
Introduction
The elderly population is growing fast all over the world. Population ageing will cause significant challenges of care giving. One of the problems that affect the most of the elderly population is the reduction of mobility.
Therefore, personal assistance mobility devices are strongly desired to keep the elderly independent. Among the possible assistance devices, the walkers have large number of users because of its simplicity while using the person's remaining locomotion capability in order to move. Besides of the physical benefits of maintaining the standing position, there are also other important psychological benefits, such as maintaining self-esteem and social relationship.
There are many studies and projects regarding advanced versions of walkers. According to the user's needs, the functions of the proposed walkers are not restricted to their primary task, i.e. physical support and mobility assistance. There are other functions such as sensorial assistance, cognitive assistance and health monitoring [1] . These walkers focus on mobility assistance [2] , [3] , [4] , sit-to-stand transfer [5] , [6] , navigation help [7] , [8] , obstacle avoidance and fall detection [9] . Besides of these, there are other multifunctional walkers such as PAMM SmartWalker [10] , which was designed to offer extra support for walking, guidance, scheduling (reminding the time of medicines, for an example) and health monitoring for elderly users. The Medical Automation Research Center (MARC) smart walker [11] , which was installed a pair of tridimensional force/torque sensors on it's handles, can be used to determine gait characteristics such as the heel strike, toe-off, double support, and single support [12] , [13] .
To study the extension of the functions of walkers we have developed our own family of walking aids, the ANG family [14] , i.e., ANG-light and ANG-2.
It has been tested that the walker ANG-2 can perform multifunctions such as navigation, street mapping, fall detection/prevention and autonomous object recovery [14] . Our walker is also a communication device that can receive and emit information (e.g., fall detection for emission, change of user profile for reception). In addition, the walker is able to download and execute new services according to the end-user's trajectory of life (e.g., specific rehabilitation program). It is therefore much more flexible in its application than other walkers. In this work we use the simplest version, ANG-light ( Fig. 1) which is based on a commercially available 3-wheels Rollator. It has been instrumented with encoders at the two fixed rear wheels and a 3D accelerometer/gyrometer at the front with the purpose of determining the walker's trajectory on a 24/24 basis. A small, low energy consumption fit-pc computer manages the measurements and records all the data. Additionally the walker has GPS, GSM and infrared network connection that are not used in this paper. Compared with the walkers proposed above, our walker is low 3 cost, simple to be used at home and its functions can be easily extended. This paper will present how it can be used for medical monitoring of walking patterns and what kind of medical information may be obtained. Many studies have examined the effect of age on the walking by comparing younger with older adults [15] , [16] , [17] , [18] , [19] , [20] , [21] , [22] . These studies calculated some gait parameters, such as step length, gait cycle, step width, cadence and gait speed [22] , [23] , [24] , [25] . Usually gait speed or walking velocity is regarded as a very important indicator of health. Some studies claimed that older subjects exhibited significantly reduced gait speed compared to younger adults [15] , [16] , [22] . Other studies showed that there were little or no differences in the gait speed between the healthy younger and elderly people [20] , [19] . In fact, [25] has showed that the measured gait speed is based on age, sex [23] , use of mobility aids, chronic conditions, smoking history, blood pressure, body mass index, and hospitalization. Therefore, the classical gait parameters are not sufficient to monitor the user's health.
Some studies have considered also gait variability [18] , [26] , [19] , [27] . The variability of gait parameters can be characterized by the coefficient of variation (CV) of kinematic gait parameters [28] , [15] , which is an index of gait stability and complexity. The increased variability of gait parameters corresponds to decreased gait stability, complexity and increased risk of falling.
However, gait instability is multifactorial and the results of previous studies are often inconsistent according to the conditions of experiment. Therefore, we need to do more tests and find more pertinent indicators of walking. As proposed in [29] , at least the following components of a person's gait should be considered: initiation of gait, step length, height, and symmetry, step continuity, step path, trunk motion, walking stance, turning, and heel-to-toe walking. Presently, although some studies began to analyze other gait characteristics such as medial-lateral displacement, center of mass [30] and foot placement [21] , [31] , they are still not sufficient to describe comprehensively walking motion. This paper proposes a new method of walking analysis by using our instrumented smart walker. A 10 meters straight line walking test has been performed by two groups of younger and elderly people. Thanks to encoders and a 3D accelerometer/gyrometer, we can calculate accurately the classical gait parameters such as gait cadence, walking speed and stride cycle, stride length and their variability without the subjectivity of an human examination. We also can obtain the trajectory of the walker and therefore compare it with the reference trajectory. This comparison will allow to establish several original gait parameters which have not been considered in previous studies and the walking accuracy of two groups of people can be compared. We define a mobile frame attached to the walker with X 1 being the forward direction and Y 1 being the lateral direction (see Fig. 3 ). Because of the elasticity of the wheels, when leaning forward to push the walker there will be a clock-wise rotation around the Y 1 axis and when leaning on the right (left) handle a rotation around the X 1 axis should be observed. Therefore, by using the measured angular velocity of the walker, the proportion of forward/backward support force and left/right support force on the handles during the whole walking can be estimated. Overall, using our walker the gait characteristics can be described more comprehensively. Secondly, a drawback of most studies is that these measures are obtained on a reduced space with specialized laboratory equipment such as motion capture systems and instrumented walkways, which may not be available in many clinics and certainly not during daily activities. In contrast, our walker can be easily used at home and outdoors, so it is possible to develop it for individual medical monitoring of walking patterns at any time of the day and in any context. Moreover, motion capture systems don't have large workspace and are not very accurate. Conversely, we have measured the error on the final pose of the walker after a 10 meters walk: the positioning error was less than 1 cm and 0.1 degree in orientation, which is much better than a motion capture system on such large workspace. Besides of this, a very small abnormal limb motion during one step, which characterizes an emerging pathology, cannot be detected by motion capture but can be detected on the walking trajectory. 
Description of experiments
Physical functioning tests have showed significant aged-related differences for older adults [32] . Several classical tests used to assess the mobility of elderly people are the 10m walk test (10mWT) (measure: time duration) [33] , Timed Up and Go test (TUG) (measure: time duration) [34] , Tinetti Test (TT) (analysis of gait parameters through a video) [35] . Such tests are easy to implement but are basically global (the time for the 10mWT and the TUG may be identical for two subjects which have however very different walking patterns) or are subjective (for the TT [36] ). Furthermore these tests are performed only during medical visits and consequently are not appropriate to detect abnormal events in the walking patterns. Hence we have decided to examine if the measurements of our walking aid allow one to refine the output of the above walking tests.
For that purpose we have led a large scale experiment that was approved by the regional ethical committee (Comité de Protection des Personnes).
In this paper only the results of a 10mWT will be presented. Each subject was asked to walk along a 10m straight line trajectory with the help of the walker. The experiment takes place at INRIA and at Nice hospital. The subjects were 23 INRIA members (with age between 25 and 65 years, mean value 32) and 25 elderly people (age over 65 years) recruited by Nice hospital (see Fig. 2 ). No subject has pathological walking deceases. All the subjects were asked to perform twice the trajectory with the walking aid. 
Methods
This section will explain how the walker can obtain the walking trajectory and determine the stride. During all the measurements, the calculation of walking trajectory and the detection of stride are the two most important issues as the measurement of all the gait parameters and their variability are based on the detection of stride.
Calculation of the trajectory
As shown in Fig. 3 , the origin of the walker frame O 1 X 1 Y 1 is supposed to be the position of the middle point between two rear wheels. The position of the walker in a reference frame OXY is described by [x, y, θ], where θ describes the walking direction of the rollator and represents the angle between the horizontal axis of two rear wheels and the X axis. In our experiment 
and
where r is the radius of the rear wheel and C is a constant parameter of the transformation between the value of encoder and the wheel radius. The change of the direction angle θ during the (k + 1) th sampling time can be 9 estimated as:
where D is the distance between the two rear wheels.
According to the kinematic model shown in Fig. 3 , the changes of the walker's position can be obtained as follows [37] :
Finally, the new position of the walker can be calculated by using:
Using the above equations, the trajectory of the walker can be determined by using the encoders. The experiments have shown that after a straight line walking of 10 meters the estimated positioning has an absolute accuracy better than 1cm.
Detection of the stride
The instruments generally used to evaluate human's gait are pedometers, accelerometers or gyrometers. To be appropriate for long-term measurements in everyday environments, these devices should be practical and not interfere with normal movement behaviour. Pedometers are small, easy to use and count the number of steps. The Yamax Digi-Walker SW-200 is considered the most accurate electronic pedometer, but its precision decreases at slower walking speeds, making it less suitable for seniors with low physical fitness or gait abnormalities [38] . We have also used a pedometer (Omron) during the experiment and we have noticed large errors on the number of steps.
Accelerometers are utilized to detect the walking stride in many studies [39] , [40] . Most of methods use the peak value of forward acceleration to detect the walking cycle. However, some steps often does not lead to a high-peak forward acceleration, and hence they are not counted although there is displacement during these periods. A recent study [31] used thresholds on the magnitude of the gyroscope and accelerometer signals to identify the zero velocity instant and regarded it as the end of a step.
Our walker ANG also uses the gyrometer data to detect the walking stride. An interesting contribution of ANG is that it allows one to differentiate the right and left steps. Indeed when the subject is on the left (right) support phase the walking aid rotates on the left (right). Hence the rotational velocity of the walker around the vertical axis, which can be easily obtained by the gyrometer, is used to detect the walking stride. Its zero value instant is regarded as the end of a step. An example of rotational velocity for an elderly people is shown in Fig. 4 .
Since the position of the walker at every moment has been calculated by using the method presented in Subsection 3.1, the displacement of the walker during every step, which is regarded as the step length of the subject, can be easily calculated as soon as all the steps are detected, as shown in Fig. 5 .
Accordingly, all gait speed characteristics (such as mean value, minimum and maximum value) can be obtained for each step. Moreover, other spatialtemporal gait parameters such as minimum and maximum acceleration can 11 be analyzed. With a sampling time of 1ms for the encoders and 4.8ms for the gyrometer, we may obtain a quiet reasonable accuracy on these parameters. 
Results
In order to analyze the result comprehensively, the walking accuracy, ability and stability of the younger and elderly people are compared respectively in the following subsections.
Comparison of the walking accuracy
Using the calculation method proposed in section 3.1, the trajectories of all the subjects for the 10mWT are presented in distance is 1070.003 ± 37.077 cm while for the young people this value is 1020.863 ± 14.885 cm. Similarly, the mean value of the absolute mean orientation angle for the elderly people is 1.538 ± 0.553 • while that for the young people is 0.951 ± 0.311 • . In summary, the lateral motion of the elderly is larger than the younger, and the indicators that can be used to characterize this deviation are:
• the relative values of the lateral deviations between the real and reference trajectory,
• the area between the real and reference trajectory,
• the travelled Manhattan distance,
• the relative values of the orientation angle of the walking aid.
Comparison of the walking ability
By using the walker, most of gait parameters presented in the usual walking test can be calculated or estimated, such as gait cycle, gait or walking speed, step length, cadence and forward acceleration. Detailed results are given in Table A .19 in the Appendix. Although the step width cannot be calculated precisely, the analysis of the walker' lateral motion in the previous section can reflect the characteristic of the subjects' step width.
In addition, the instantaneous walking velocity can be derived from the encoder measurements. The instantaneous walking velocity is given in Fig. 9 which shows that there is no obvious difference between the elderly and young subjects. [19] and [20] also mentioned that the age-related differences in walking velocity were not significant. It has been estimated that a comfortable walking speed for young adult lies in the range 130 cm/s-160 cm/s while for elderly people this speed is given by the formula 117 − 0.4 × age [33] . The mean speed value for elderly people is coherent with this formula while the result of the younger adults is lower than the normal walking speed. Experiences without the walking aid have shown that the younger subjects were presenting a mean velocity that was close to the normal walking speed. Our interpretation is that elderly people are more familiar with walking aids and have walking patterns that Blue color denotes the elderly subjects and the red one denotes the young subjects. The results of every group of subjects are sorted into ascending order.
benefit from such an aid, while younger people have a more dynamic pattern that is jeopardized by the aid. This can explain why the maximum velocities of the younger are higher, as shown in Fig. 10 .
The results of step period and step length for the two groups are given in Fig. 11 and Fig. 12 . Our previous work [41] has shown that there is no difference between the left steps and the right steps so here and in the following contents the results of two steps are put together. The results illustrate that there is almost no difference between the two groups which Next we have considered the mean value of forward acceleration shown in Fig. 13 . It illustrates that the forward accelerations of the elderly are larger than that of the younger. In addition, almost 70% of the younger's (16 of 23) mean forward accelerations are less than zero while for the elderly this number is only 40% (10 of 25). Therefore, we can deduce that the minimum velocity of the younger is less than that of the elderly although their mean speed is almost the same. As a result, the elderly subjects can use less time to arrive to the goal, as shown in Fig. 14. This contradicts the usual assumption (which is based on the 10mWT) that the walking time may be used to evaluate the walking ability. In summary, the elderly people have similar walking speed, step length, step period as the younger people, but there are three indicators for which the difference exists between the younger and elderly adults:
• maximum instantaneous walking velocity,
• mean value of the forward acceleration,
• time used for the total test.
Comparison of the walking stability
Gait variability is an index of gait stability and complexity. The increased variability of gait parameters corresponds to decreased gait stability, complexity and increased risk of falling. Gait variability is defined as changes 21 in gait parameters from one stride to the next. It can be characterized by the coefficient of variation (CV) of kinematic gait parameters [15] , [28] . The coefficient of variation (CV) is defined as the ratio of the standard deviation (SD) to the mean, i.e., for a set of gait parameter A, it's CV is:
Hence CV shows the extent of variability in relation to mean of the population. Here we have compared the CV of step length, step period and walking speed between the two groups. The results are given in Fig. 15 and detailed information are given in Table A .19 in the Appendix. Fig. 15 shows that the CV of step length for the two groups are similar. The comparison of the CV of stride time illustrates the same characteristic thus it was not presented here. Our results are similar to those of some previous studies [19] , [20] , [42] , which presented that there were no significant differences between young and elderly healthy people in CV of step length and stride time. For the elderly people the mean value of CV of step length is 0.545 ± 0.194 cm and for the young people this value is 0.513 ± 0.143 cm. Next, the CV of walking speed is shown in Fig. 15 , as expected the walking speed of elderly exhibits less variability than that of younger adults but the difference is small. Exactly, the mean values of CV of walking speed of the elderly and young people are respectively 0.206 ± 0.09 cm/s and 0.238 ± 0.07 cm/s.
As indicated in the introduction, other information about the pressure on
the handles can be used to analyze the walking stability by measuring the angular velocity around the forward direction X 1 and the lateral direction Y 1 (see Fig. 3 ). We were surprised that the angular velocity measurements were sensitive enough to estimate changes in the forward/backward support force (change on the angular velocity around Y 1 ) and on the left/right support force (change on the angular velocity around X 1 ).
Hence we have been able to determine the respective percentage of forward/backward and left/right support with a reasonable accuracy without any force sensors in the handles [43] . Fig. 17 shows the percentage of forward support. It is interesting to note that the results of the younger people are much farther away from 50% than that of the elderly people. Exactly, the mean value of the respective percentage of forward support of the young people is 61.902% ± 5.093% while that of the elderly people is 58.160% ± 4.378%.
That means for younger people the difference between forward and backward support is larger. Surprisingly the younger adults are leaning significantly more on the aid than the elderly people.
Based on the above analysis, it appears that the following three indicators should be investigated in the future: Subject number (%) Figure 16 : Percentage of the forward support, where the blue color denotes the elderly subjects and the red one denotes the young subjects. The results of every group of subjects are sorted into ascending order.
• variability of walking speed,
• percentage of forward/backward support,
• percentage of right/left support.
Other applications of the walker ANG
Besides of gait analysis, our walker ANG [14] can perform multifunctions such as navigation, fall detection/prevention and street mapping. Here we will give an example of its application for updating collaborative maps with sideway slopes and location of lowered kerbs.
The walker is instrumented with an accelerometer that measures both the gravity and the walker's acceleration, which is usually much lower than the gravity. Hence an appropriate processing of the measurement allows to determine the direction of gravity in the walker's frame. In turn this directly allows to determine the roll and tilt of the walker. According to these information, we can measure the slope of sideways, detect lowered kerbs and measure the quality of the sidewalk surfaces. For example, Fig. 17 shows a qualified map of INRIA Sophia Antipolis, where the red lines denote the roads with high slope and the green lines denote the almost horizontal roads 25 that we walked on with the walker. Post-processing of this information allows to report the results in OpenStreetMap to produce an ad-hoc map. Hence it is significant for the end-users of walker or wheelchair because they can share more information of a city while planners can take into account sideway slopes and location of lowered kerbs to determine an optimal itinerary for them.
Conclusions
This paper has proposed a gait analysis method based on the use of an instrumented walker. The results of a 10 m straight line test for 23 younger people and 25 elderly people were compared comprehensively. The comparison includes the relative information about walking accuracy, ability and stability. Several important indicators that exhibit significant difference between the two groups were obtained, such as the maximum lateral deviations between the real and reference trajectory, the area and the Manhattan distance between the real and reference trajectory. For the elderly people these indicators are much larger than that of the young people, and exhibit also significant difference within the same group.
As for the gait parameters describing the walking ability, it appears that there is no obvious difference in step length, step period and walking speed between two groups. The instantaneous walking velocity has been obtained and we found out the maximum instantaneous walking velocity of the younger people is a little larger than that of the elderly people. On the other hand, surprisingly, the time required to perform the trajectory is usually lower for the elderly than for young people. Our explanation is that the normal gait of younger adults was more affected by the presence of the walker than for elderly that are more accustomed with the use of the walker. In addition, when we tried to use the variability of gait parameters to analyze the walking stability, there are similar results for the two groups in the variability of step length and step period while for the younger subjects the variability of the walking speed is larger.
Moreover, we also found that the younger adults are leaning significantly more on the aid than the elderly people. Hence the influence of the walker on the walk pattern of the younger people should be investigated. Besides of this, another walking test with a returning trajectory for two groups people will be studied. We also want to examine if a learning process may be implemented in order to characterize the walking pattern at a given time and customize the walking analysis software in order to better determine future trends. Finally, it is worth mentioning that the present analysis method depends on the measurement of sensors with noise that do not satisfy usual statistical hypothesis (e.g., they are not Gaussian). In the future we plan to take measurement uncertainties into account by using interval analysis for obtaining the indicators as interval values that will be guaranteed to include the real values, with the advantage that the width of the interval will be a measure of the quality of the result. 
Results of the elderly subjects

